A new methodology for interactive design of turbomachinery blades is presented.
ence is easily communicated to the blade model through a robust interface. General stream surfaces are used to allow for more accurate and advanced designs. A simple interactive method allows for stream surface generation and editing. Also the stream curves can be read in from a file to allow for compatibility with existing flow analysis codes.
A transformation is developed which allows construction of, and interaction with, two-dimensional blade sections which are simultaneously mapped onto corresponding stream surfaces. Thus, changes of these basic planar curves results in immediate changes to the threedimensional blade model. Allowing the stacking axis to be a general space curve facilitates very flexible twist and lean capabilities. Ultimately, a robust and transportable surface model is produced. The blade is represented as a non-uniform rational B-spline surface (NURBS) (Piegl, 1991) and the final output is a standard IGES (Initial Graphics Exchange Specification) file (NIST, 1990) . The blade surface geometry can then be analyzed by existing computational fluid dynamics packages. Calculation of the interaction between the fluid flow and the blade is a complex and time consuming problem. When a blade geometry is decided upon, it must go through extensive computer simulations to determine the flow characteristics produced as a result of the interaction of blade and fluid (Chima and Yokota, 1990; Mokhtar and Oliver 1994 Figure 2 ). The blade is oriented such that it revolves about the z-axis in the 0-direction. For axial turbomachinery components, the r-axis is referred to as the blade span direction, and the z-axis is referred to as the chord direction.
In The blade itself consists of "stacked" cross-sections or blade sections. As shown in Figure 5 , the mean camber curve is the "skeleton" of the blade section, and points on the section are generated by offsetting mean camber curve points along corresponding normals by t/2 and 4/2, where t is the thickness of the blade. 
(1) Figure  6 shows the m-direction on the stream surface.
Since the stream curve is defined parametrically as a NURBS
o where ru(u) and zu(u) are the derivatives of r(u) and z(u) with respect to u, respectively.
The tO-coordinate is difficult to interpret intuitively, so the m and r0-coordinates are normalized with respect to radius. The normalized dif-
Again using parametric representation and integrating yields, Once the B-spline is created, converting from one coordinate to another is a simple inverse problem with a Newton-Raphson search for the parameter u. Evaluating the B-spline at the parameter u yields the r, z, 0, m, and m'-coordinates.
Stream Surface and Stackin 9 Axis
BladeCAD accepts any general NURBS curve for stream curve and stacking axis definition. The only requirement is that the stacking axis intersect all stream surfaces. This intersection is called the stacking point (Figure 4) . In practice stream curves may be read in from IGES files generated from previous flow analyses. Alternatively they may be created interactively by selecting points in the r-z plane which are interpolated with a cubic NURBS curve. Similarly, the stacking axis may be read from an IGES file or created interactively.
Mean Camber Construction
In a two-dimensional space defined by m" and O, a mean camber curve is defined by the inlet angle (txi), exit angle (%), stagger angle (7), and the chord (C') as shown in Figure 7 . This information is used to represent the mean camber curve as a cubic Bezier curve (i.e., a single segment cubic B-spline). The mean camber curve can be considered the "skeleton" of the blade section. The shape of the mean camber curve (i.e., the incremental distribution of its tangents) is specified in the twodimensional m'-0 space because this space is angle preserving with respect to r-z-O space. The transformation preserves angles because both length components are normalized with respect to radius, i.e, 
Figure 7. Mean camber definition Blade Section Construction
The blade section is comprised of a suction side curve, and a pressure side curve ( Figure 9 ). The suction and pressure side curves are computed by interpolating points offset along mean camber curve normals by +_t/2, where t is the thickness of the blade.
The thickness (t) is defined by the following input data: chord-normalized leading edge (tlJC), trailing edge (ttelC), and maximum (tmax/ C) thickness, and their corresponding locations (sle, ste, Smax) relative to mean camber curve arc length. Figure 8 and Figure 9 show how these parameters relate to the thickness function and how they apply to the associated mean camber curve. The thickness function curve is a combination of three splines: a cubic natural spline (US Navy, 1993) that interpolates the three data points, and two ellipses at either end ( Figure   8 ). The thickness function has vertical tangents at both ends. This produces suction and pressure side curves with tangent continuity at their endpoints (Farin, 1988) . A joining procedure redefines the suction and pressure side curves as one NURBS curve (Piegl and Tiller, 1995) 
Main View
The Main View window ( Figure 11 ) has a menu bar with the standard The cubic NURBS mean camber curve is defined by two end points and two end tangent vectors. This information comes from the three angles: inlet (cti), exit (%), and stagger (_/). When editing as a NURBS curve, the user can drag the mean camber curve control points directly.
When a control point is moved the mean camber curve is re-evaluated with the resulting new set of control points. The user can undo any changes to the control points and start again with the mean camber defined from the angles in memory. The View menu allows the user to resize the control points, reset to the home orientation, and hide or show the control points.
Blade Metal Angle Editor
The Blade The first editing option is to edit the blade metal angle curve as a NURBS curve. The user drags one of the control points and the curve changes accordingly.
Then the blade metal angle curve is integrated to generate a new mean camber. The corresponding modified mean camber curve is then drawn in the Section Editor. This happens in real time.
The second editing option is to edit the blade metal angle curve as a line. When this option is chosen the end points of the previous NURBS curve are connected with a straight line. The line is modified by dragging one of the end points and any modifications automatically update the shape of the mean camber. The integral of a straight line is a circular arc. This is a second method of editing the mean camber as a circular arc. As before, the View menu allows the user to resize the control points and to reset to the home orientation just as in the other windows. 
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